Biomolecules, especially large polymeric molecules such as enzymes and antibodies, mediate various biological functions, including biochemical reactions and molecular recognition, with high reactivity, efficiency, selectivity and accuracy. Many researchers have investigated methods to take advantage of these characteristics in analytical devices. One way to accomplish this is to immobilize biomolecules in the devices. For example, biomolecules have been immobilized by means of silica sol-gel technology and used for basic research in the food and pharmaceutical industries. Proteins encapsulated by this method retain their structure and biological activity for a prolonged period. This review describes methodologies for immobilization of biomolecules and the applications of sol-gel technology to analytical devices, especially flow-through systems.
introduction
Biomaterials, as typified by proteins, serve various biological functions including molecular recognition, binding, catalysis, molecular transport, and signal transduction. These functions are extremely accurate and efficient owing to their conformational accuracy and diversity. Researchers have developed methods for taking advantage of these characteristics in analytical devices. The development of such methods has been promoted by biotechnology that makes biomolecules readily available, by improvements in technology for the immobilization of biomolecules, and by the development of new analytical methods.
The various bio-immobilization methods reported to date are shown in Table 1 . Enzymes are the most widely used biomaterials, and the immobilization methods include covalent attachment to supports, 1-3 adsorption onto solid supports, 4 cross-linking with bifunctional reagents, 5, 6 entrapment in gels, 7 and encapsulation in membranes such as microcapsules, liposomes, hollow fibers, or dialysis membranes. 8 Silica matrices produced by means of the sol-gel process have attracted much attention as ideal materials for bio-immobilization because this process can be used for many of the immobilization methods listed in the table and because it can generate various matrix forms. In addition, the physical and chemical properties of silica are quite attractive for joining inorganic materials with biomolecules. Specifically, the thermodynamic stability of the Si-O bond (bond-energy: 452 kJ mol -1 ) makes silicate materials inert toward interactions with many unstable biomolecules, allowing these biomolecules to function normally in the presence of silicates.
Consequently, new technologies have been developed for the food and pharmaceutical industries using silicate-assisted bio-immobilization. The entrapment of proteins and other biological species in a wide range of sol-gel-derived composite materials, and the applications of these bio-doped materials, have been reviewed by various researchers. [9] [10] [11] [12] [13] This review describes the methodology for bio-immobilization and the application of sol-gel technology to analytical devices, especially flow-through systems.
sol-gel technology
Fine ceramic materials with various functions play important Reviews roles in electronics, photonics, and the energy source field. Calcination of powdered raw materials at temperatures exceeding 1000 C is generally used for fabricating sintered ceramics. However, the sol-gel process has recently been used as a new method for making glass and ceramics. This process starts with a solution of the raw material, and a gel is made by means of hydrolysis and polycondensation. Any remaining solvent is removed by means of heat treatment. Glass and ceramics obtained by means of the sol-gel process have a more precise shape and are more homogeneous than those prepared by the conventional method. Because the sol-gel process is carried out at relatively low temperatures, complex materials containing organic substances that are unstable at high temperature can be fabricated. In addition, because the starting material is a solution, the product glass and ceramics can be formed into thin films and fibers, as well as into the usual bulk shapes. The basic sol-gel process consists of the following steps: (1) hydrolysis of an alkoxysilane, (2) dimerization of the resulting silanol to form siloxane bonds (≡Si-O-Si≡); and (3) polycondensation reactions that link additional silanol molecules to form cyclic oligomers. The most common starting materials are tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) because they undergo hydrolysis and condensation readily under mild conditions. Many alkoxysilanes and their derivatives are now commercially available. The properties of sol-gel matrices depend on the relative rates of hydrolysis and condensation, which can be altered by varying the pH, the temperature, the reagent concentrations, the eaction time, and the nature of the catalyst or porogen.
Formation of silica-based Carrier Matrices
There are two main types of silica-based carrier matrices for bio-immobilization using sol-gel technology: monomodal monoliths with simple distribution of nm-size pore diameter, and bimodal monoliths with bimodal distribution of μm-size and nm-size pore diameters. Although the original meaning of monolith was not used in silica-based materials, and includes the particle aggregated material in organic polymer-based materials, this review refers entirely to silica-based monoliths.
3·1 Monomodal monoliths
The simplest approach to bio-immobilization via the sol-gel process is entrapment of the biomolecules within a newly formed silica matrix. Various silane compounds are used as precursors for this type of silica matrix, including tetraalkoxysilanes and mono-, di-, and tri-alkyl alkoxysilanes; many of these compounds also contain alkenyl, aryl, amino, carboxyl, or thiol functional groups. These precursors are hydrolyzed, either spontaneously or by means of acid or base catalysis, to form hydroxy derivatives (silicic acids, hydroxysilanes, etc.). A cascade of condensation reactions gives rise to soluble and colloidal "sol" which is typically a suspension of silica nanoparticles with 2 -20 nm diameter, and, finally, phase-separated polymers (polysilicates, polysiloxanes, etc.); these polymers produce the final matrices, called monoliths, which have nm-size pores that are used for the encapsulation of biomolecules. The initial gels are typically brittle or semiflexible, and they contain 50 -80% interstitial water and have pore volumes of 0.4 -3.4 mL g -1 , pore distributions of 4 -200 nm, and surface areas of 600 -2100 m 2 g -1 (Fig. 1 ). [14] [15] [16] [17] [18] Aging of the wet silica network over a period of days to weeks promotes further condensation and strengthens the network. If simple silica alkoxides are used as the precursors, the wet gels carry Si-OH side groups, which are hydrophilic and exert considerable capillary force over the entire structure. This force causes the elimination of the solvent and the walls of the pores to shrink, and a monolith called a xerogel is produced. Another type of monolith referred to as an aerogel can be made by supercritical drying. Because the supercritical drying does not cause surface tension, the monolith can be dried without shrinkage of the pores. The biomolecule of interest is usually incorporated into the matrix after the formation of the colloidal sol solution by means of hydrolysis of the precursor (Fig. 1) . A buffered solution of the biomolecule is added to the sol solution to initiate rapid polycondensation of the silane. After polycondensation, the biomolecule is immobilized in the hydrated gel without the need for a covalent tether.
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Although alkoxysilanes are widely used for the immobilization of biomolecules, alcohol are produced by hydrolysis of these alkoxysilanes. These alcohol byproducts will dissolve or destabilize encapsulated proteins or other biomolecules, such as biological lipid membranes. Therefore, another route using silica nanoparticles and aqueous sodium silicate as a starting material was developed to avoid the production of an alcohol. 20 In this route, silica nanoparticles behave as nucleation sites for condensation, and lengthen their particle diameters by condensation with sodium silicate (Fig. 2) . The grown silica nanoparticles form a silica network and trap biomolecules. This aqueous sol-gel process permits the immobilization of lipid membrane vesicles, bacterial cells or mammalian cells themselves. 20, 21 Ferrer et al. developed other aqueous routes involving vacuum elimination of the alcohol by means of rotary evaporation. Biomolecules were added to the sol after removal of the alcohol, and then the condensation reaction occurred. 22, 23 If a monolith is to be used for the encapsulation of a particular biomolecule, the monolith must have a pore size that is sufficiently small to prevent leakage of the biomolecule, but large enough to allow analytes to enter the monolith with ease. Monoliths with nano-capsules for the encapsulation of biomolecules can be prepared by one of the simple procedures described above, but such monoliths do not have through-pores for large analyte molecules or pressure-driven flow to pass through. To overcome this problem, researchers have developed monoliths with through-pores.
3·2 Bimodal monoliths
Bimodal porous monoliths have two different pore sizes in the matrix: μm-size through-pores (macropores) and nm-size mesopores in the skeleton. A porogen is often used for creating a bimodal porous monolithic bed; the porogen plays two roles: its serves as a through-pore template and it solubilizes the silane reagent. Porogens are used to create morphologies with the desired permeabilities and surface areas for the construction of monoliths.
Water-soluble organic polymers, such as poly(ethylene oxide) (PEO) and poly(ethylene glycol) (PEG), have been used as porogens by many researchers. Toluene has also been used as a porogen for the preparation of a photopolymerized sol-gel (PSG) monolith. 24, 25 When the proper porogen is used, spinodal decomposition occurs, and a porous monolith is produced. Spinodal decomposition is a clustering reaction in a homogeneous solution. The phase separation is complete by gel formation, which results in a silica rod with a bimodal porous structure consisting of through-pores and a mesoporous silica skeleton. The decomposition mechanism during the polycondensation process of an alkoxysilane in the presence of PEO has been studied extensively by Nakanishi et al. [26] [27] [28] [29] [30] Silica monoliths with a bimodal porous structure typically possess 0.3 -5-μm silica skeletons, 0.5 -8-μm through-pores, and 2 -20-nm mesopores in the skeleton. 31 The sizes of the skeletons and through-pores can be independently controlled by changing the preparation conditions, including the nature of the porogen. Alkali treatment of monoliths reportedly forms mesopores on the surface, and the strength of the alkali, the treatment time, and the temperature affect the size of these mesopores. 32 Bimodal monoliths are now widely used in separation columns, mainly in reversed-phase mode, 33, 34 and as monolithic support for enzymes in flow-though applications. Examples of these applications are described in Section 4.
3·3 silane precursors and sol-gel processing to improve
bio-immobilization on silica-based supports Silica-based supports have some disadvantages: their reaction chemistry is limited, the surface silanol groups undergo non-specific interactions, and the hydrolytic stability of the support is limited. In addition, the active conformation of the entrapped biomolecule must be maintained within the silica matrix; and if the biomolecule is an enzyme, the entrapped enzyme must be accessible to substrates. A number of sol-gel-derived materials have been designed with the purpose of making the matrix more biocompatible with entrapped biomolecules. For example, new biocompatible silane precursors and processing methods have recently been reported based on glycerated silanes. 15, 35 Cruz-Aguado et al. developed a silane precursor bearing a covalently attached sugar for the formation of protein-doped sol-gel-derived silica.
Silica materials containing covalently bound glucosamide moieties provide a biocompatible environment for entrapped biomolecules. 36 Protein-stabilizing additives have been used to increase protein stability, including ligand-based stabilizers; 37, 38 organosilanes; 39, 40 poly(ethylene glycol); 41 graft copolymers, such as polyvinylimidazole and polyvinylpyridine; [42] [43] [44] and charged polymers, such as polyvinylimidazole and poly(ethyleneimine). 45 Poly(vinyl alcohol), alginate, gelatin, and chitosan have also been used as additives; they are directly mixed in the silica sol before gelation. 46, 47 Entrapped proteins can also be stabilized by the addition of small molecules such as sugars and amino acids (osmolytes) during sol-gel processing. 48, 49 Biomolecules can also be encapsulated together with an additive that improves the stability or bioactivity of the biomolecules. Such additives include hydrophobic moieties derived from alkoxysilane precursors that carry alkyl groups. For example, Reetz et al. showed that such hydrophobic moieties could improve the activity of lipase beyond that of the free enzyme. 50 Ma et al. recently fabricated an organic-inorganic hybrid silica monolith for immobilization of trypsin; this monolith combines the merits of silica (high mechanical strength, good organic solvent tolerance) with those of an organic polymer monolith (good biocompatibility and excellent pH stability). A hybrid silica monolithic support was prepared by the sol-gel method with TEOS and 3-aminopropyltriethoxysilane (APTES) as precursors. Subsequently, the monolith was activated by glutaraldehyde, and trypsin was covalently immobilized. 51 
application of sol-gel technology to
Flow-through analytical systems
4·1 Liquid chromatography columns
The integration of a bio-doped silica matrix into a flow-through analytical system is ideal because this kind of online system facilitates high-throughput analysis of multiple analytes for drug-discovery research and omics research.
4·1·1 Packed columns
In the early applications of sol-gel technology to analytical methods for bio-immobilization, sol-gel columns were fabricated and then used offline. Many of the early columns were fabricated by crushing a monomodal monolith containing biomolecules. The typical preparatory procedures were as follows: after drying, the monolith was crushed with a mortar and pestle and then sieved. The particles were slurried and then loaded into a column. This procedure resulted in good flow rates (due to relative large interparticle spacings) along with high surface areas due to the nm-size pores in the crushed material. Such materials allowed for high protein loadings. For example, Turniansky et al. used monoclonal anti-atrazine mouse antibody entrapped in sol-gel matrices prepared from TMOS for pesticide residue analysis. 52 Gels were thoroughly crushed with a spatula and packed in columns. Nanogram quantities of atrazine were applied to the antibody-doped columns, and the amount of eluted antigen was determined by enzyme-linked immunosorbent assay.
Turniansky et al. evaluated the characteristics of the sol-gel matrix, such as stability, inertness, high porosity, and optical clarity. The immunoaffinity column using encapsulated antibodies in sol-gel glass networks has also been used for the removal of carcinogenic pyrene. 53 The same type of column can also be used for the analysis of polycyclic aromatic hydrocarbons. [54] [55] [56] Alkaline phosphatase and a number of other enzymes can also be effectively entrapped in a sol-gel glass, and they retain approximately 30% of their enzymatic activities. 57 Zusman et al. immobilized protein A in a sol-gel matrix prepared from a mixture of TMOS, to purify immunoglobulin G from sheep sera by affinity chromatography. 58 They treated the sol-gel glass with γ-aminopropyltrimethoxysilane in order to eliminate nonspecific absorption of proteins. The eluents from the column were pooled, and the purity of IgG was determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis. The purity of the IgG obtained with this sol-gel column was comparable to that of IgG obtained from a commercially available protein A column, on which the protein is immobilized by covalent bonding with agarose gel.
A sol-gel column was recently developed for cleaning up water samples using metallothionein (MT), a cadmium-binding protein.
59 Figure 3 shows the experimental setup used for continuous flow cadmium ion adsorption on MT-sol-gel powders. In the system studied, the particle size has a greater effect on cadmium adsorption than the flow rate.
Cichna et al. prepared a column packed with a silica matrix including antibodies and connected the column to HPLC system for online analysis. 56 The silicate glass containing antibodies was ground and packed in a glass column equipped with a polytetrafluoroethylene frit. The construction of the online system was realized by online-coupling of the immunoaffinity column to a reversed phase-precolumn and an analytical column. Using this technique, they developed many immunoaffinity columns on which purified antibodies were immobilized for detection of various toxic substances. [60] [61] [62] [63] Vera-Avila et al. used a column with encapsulated bovine serum albumin (BSA) for protein interaction studies. The column was coupled with a C18 HPLC column for evaluation of the propranolol-binding properties of the entrapped protein. 64 Zhang's group developed an online immunoaffinity column coupled with an LC-MS/MS system for the determination of diuron, a widely used herbicide, in water matrices. 65 This bio-doped column was used for online sample cleanup and enrichment (20 mm × 4 mm i.d.) along with a monolithic analytical column for separation and a triple quadrupole MS for quantitation. By using the short monolithic analytical column (100 mm × 4.6 mm i.d.), they reduced the pressure in the system; high pressure can cause collapse or clogging of the sol-gel materials.
4·1·2 Bimodal monolithic columns
The development of biocomposite stationary phases with through-pores for penetration of the pressurized flow and large molecules has been studied by many researchers. In particular, the use of proteolytic enzymes immobilized on bimodal monolithic columns is growing rapidly; the rapid flow-through permitted by the large pores is well suited to proteomics, which requires a high throughput. In addition, immobilized enzymatic reactors can be combined with separation and identification systems. Readers interested in the applications of monoliths to proteolytic enzyme reactors are advised to see the various comprehensive reviews. 12, 66, 67 To date, two techniques have been developed for immobilization of biomolecules on bimodal monolithic supports for LC: (1) the one-step immobilization of biomolecules on a bimodal monolith developed by Brennan et al. and (2) the covalent bonding of biomolecules on a biomodal monolithic support. The latter technique is more popular than the former.
Brennan et al. developed protein-doped monolithic silica columns using the protein-compatible silica precursor diglycerylsilane (DGS). The evolution of glycerol as a byproduct of DGS hydrolysis maintains the entrapped proteins in an active state during column aging. These monolithic bioaffinity columns can be used for pressure-driven LC, and they possess many of the advantages of their monolithic reversed-phase counterparts. To achieve high protein retention and sufficient porosity for the pressure-driven flow of eluents, Brennan et al. adjusted the sol formulation and the processing conditions (Fig. 4) . 68 Most applications of this technique use monolithic columns fabricated in a capillary to simplify the procedures, and involve the use of a capillary LC (or nano-LC) system. [69] [70] [71] The column is prepared from a mixture of DGS; PEG, which controls morphology; APTES, which provides cationic sites that counterbalance the anionic charge of the silica to reduce nonselective interaction; and a buffered solution of the proteins to provide bioaffinity sites within the column. The resulting silica has a bimodal pore distribution with macropores (>0.1 μm) that allow good flow of eluent with minimal back pressure, and mesopores (~3 -5 nm) that retain a significant fraction of the entrapped protein. Brennan et al. used this column for enzyme reactor chromatography with an integrated MS system as a detector.
They entrapped a clinically relevant enzyme, dihydrofolate reductase (DHFR), in a column, which was used to screen mixtures of potential small-molecule inhibitors using frontal affinity chromatography (Fig. 5) . 69 Inhibitors present in the mixtures were retained via bioaffinity interactions, and the retention times were dependent on both the inhibitor concentration and the affinity of the inhibitor for the protein.
These results suggest that this column can serve as a useful platform for high-throughput screening of lead compounds in drug candidate screening. 70, 72 The second method for immobilization of biomolecules on bimodal monolithic supports for LC involves an activated silica monolithic column on which biomolecules are immobilized. For example, Calleri et al. used a thoroughly dried commercial monolithic silica column (4.6 mm i.d.) and activated its pore surface by reaction with 3-glycidoxypropyltrimethoxysilane in toluene. Penicillin G acylase was immobilized on the activated monolith, and the column was used for enantioseparation of a series of 2-aryloxyalkanoic acids. 73 Trypin has also been attached to this monolithic support and used for the continuous online digestion of human serum albumin (HSA). 74 The most significant factor which affects the enzymatic activity is the flow rate. By increasing the flow rate, lower hydrolysis yields were obtained due to a reduced contact time between substrate and enzyme. The digestion reactor is integrated in a loop that includes a trapping column packed with C18 silica particles, which is used for preconcentration of the peptides during the digestion process. After a valve is switched, the peptides are released into a packed analytical HPLC column and separated. An electrospray ionization MS/MS detector enables characterization of the peptides. The extent of digestion is on par with that obtained by means offline digestion carried out under similar conditions. However, the total analysis time with the monolithic reactor is significantly shorter. More recently, complete HSA digestion in 120 min with a sequence coverage of 97.3% was achieved using a chimotrypsin-doped column. 75 Mallik et al. covalently immobilized α1-acid glycoprotein (AGP) on an activated silica monolith and then evaluated its use for chiral separations. 76 They immobilized AGP on a silica monolith by means of a hydrazide immobilization method, a technique that gives site-selective coupling for glycoproteins like AGP (Fig. 6) . The results were compared with results obtained for the same protein when used as a chiral stationary phase with HPLC-grade silica particles or when immobilized on a monolith based on a copolymer of glycidyl methacrylate (GMA) and ethylene dimethacrylate (EDMA). The amount of immobilized protein per unit volume, the retention, the efficiency, and the resolving power of the AGP silica monolith were better than with AGP columns containing silica particles or a GMA/EDMA monolith. Although further investigation with various polymer monolith columns and silica particles is required for a precise comparison, Mallik et al. concluded that silica monoliths are valuable alternatives to silica particles and GMA/EDMA monoliths when used with AGP as a chiral stationary phase.
Kawakami et al. prepared nonshrinkable silica monoliths from a mixture of MTMS and TMOS, which was then coated with silica precipitates entrapping liapse, derived from a mixture of n-buthyltrimethoxysilane (BTMS) and TMOS. 77 The silica monolith support was porous materials, and had interparticle gaps of a few micrometers to serve as a passage for the substrate solution. For entrapment of lipase, BTMS was used because hydrophobic alkyl groups of silicate interact with the active sites of lipase and the lipase is conformationally captured in a matrix in an active form. They optimized the preparatory procedures for immobilization of lipase, and the enzymatic activity reached its maximum value at the molar ration of 1/3 mol silanes to 100 mol of water, corresponding to a 14% increase in the mass of the whole monolith, as shown in Fig. 7 . As a result, monolith treated with the BTMS-based silica entrapping lipase exhibited approximately ten times higher activity than nontreated monolith-immobilized lipase derived from the MTMS-based silicate.
The use of protein-doped monolithic columns allows affinityand function-based enzyme screening, as well as affinity assays of receptors using LC-MS/MS systems. These methods are particularly useful for screening mixtures and have potential for the identification of bioactive compounds in natural product extracts.
The potential drawback is the need for a low-ionic-strength eluent when employing electrospray ionization methods. Interfacing columns to a matrix-assisted laser desorption ionization (MALDI)-MS/MS system is one method of overcoming this limitation. Other analytical methods, such as two-dimensional LC-MS/MS, can also be used. In this case, a reversed-phase column is used after the affinity column to perform online desalting prior to MS analysis. Such methods may ultimately allow for a much wider range of species to be used for affinity-based screening and will undoubtedly provide new opportunities for high-throughput screening and drug discovery.
4·2 Capillary electrophoresis and capillary electro-
chromatography columns Some less common approaches to bio-immobilization via sol-gel processes for capillary electrophoresis (CE) and capillary electrochromatography (CEC) relative to LC have also been reported: immobilization of biomolecules by means of a sol-gel transition within a newly formed silica matrix, and immobilization of biomolecules on a silica bimodal monolith via covalent bonding or coating.
Using the sol-gel method, Kato et al. prepared bio-doped CE and CEC columns in a single step. 46, [78] [79] [80] [81] [82] [83] Grinding of the silica matrices before packing was not required, because the polymerization reaction was performed within the separation column. The sol-gel reaction proceeded within a capped capillary, which minimized drying of the gel. The resultant hydrogel immobilized various biomaterials with a wide range of sizes, from proteins to microsomes, because the silica networks were formed using the biomaterials as a template (Fig. 8 ). An electroosomotic flow was generated when a voltage was applied at both ends of the capillary, and the flow carried the analyte to the encapsulated biomolecules within the gel matrix. The water content of this hydrogel (calculated from the weight reduction after drying) was approximately 70%, which is similar to the water content in living organisms. This similarity is one reason why this bio-doped gel retained the function of the encapsulated biomolecule for a long period.
With this technique, a mixed solution of TMOS and MTMS was used as a precursor for a column that encapsulated BSA or ovomucoid, and the column was used to separate tryptophan, benzoin and basic drug enantiomers. 78 The effects of various factors, such as pH and eluent concentration, on enantiomeric separation were examined. This biomolecule-encapsulated column was also used as a bioreactor. Sakai-Kato et al. prepared a column containing encapsulated trypsin at the inlet of the capillary, and the column digested substrates (an amino acid derivative and peptides) and separated the substrates and products within a single capillary. 81 They also prepared a column with encapsulated microsomes containing drug-metabolizing enzymes. This column was used to produce metabolites and then separate them from the substrates. 82, 83 With this system, the sample size could be reduced by 3 orders of magnitude relative to the sample size required for conventional reaction schemes. Because the reaction, separation, and detection were integrated into a single system, the system could be automated, and thus the analytical time and the amount of solvent required were reduced. Although the preparation of this type of hydrogel columns with encapsulated biomolecules is easy, these columns do have shortcomings. Because this hydrogel is a monomodal monolith and lacks through-pores, electroosmotic flow is the major driving force, and pressurized hydrodynamic flow does not work. Therefore, these columns have been used only for CE or CEC. Another shortcoming is that large molecules cannot be analyzed, because they cannot penetrate the nm-size pores of the hydrogel network.
Dulay et al. took an elegant approach to overcome this problem. They used a photopolymerized sol-gel (PSG) process to prepare a column containing immobilized trypsin and then carried out on-column digestion of two peptides, neurotensin and insulin chain. 84 The PSG process is a novel approach to the preparation of inorganic monolithic columns for CEC; the process combines photopolymerization and a sol-gel transition. The monolith is obtained in a single step, during which both addition polymerization and polycondensation of [3-(trimethoxysilyl) propyl] methacrylate proceed simultaneously in the presence of a porogen. The major advantage of this approach is that there is no need for high-temperature drying, which can lead to cracking of the monolith. The enzyme is coupled to the monolith by means of room-temperature Schiff-based chemistry in which an alkoxysilane reagent (linker) with an aldehyde functional group is linked to an inactive amine on trypsin to form an imine bond. The large through-pores permit the pressurized flow of eluents and the analysis of large molecules. This use of a porous monolith as a supporting matrix for the enzyme immobilization is advantageous for the preparation of biomolecule-immobilized reactors because (1) its through-pores allow for the penetration of large molecules and (2) its large surface area allows for an increase in the number of immobilized biomolecules. The substrate peptide is introduced into the enzyme-doped monolith by pressurized flow, the flow is stopped to allow for incubation, and the digested peptides are separated in CE mode (Fig. 9) . The proteolytic activity of the immobilized trypsin was 2000 times that of trypsin in solution. Kato et al. prepared the same PSG column and then covered the monolith with a pepsin-containing silicate film. 85 The sol-gel reaction was optimized so that the sol solution containing pepsin formed a thin film on the monolith, which was initially fabricated at the inlet of a capillary. The immobilized pepsin digested peptides and proteins (such as insulin chain and lysozyme), and the resulting mixture of peptide fragments could be directly separated in the portion of the capillary where no PSG monolith was present. This combination of in-capillary digestion, separation, and mass spectrometry analysis permitted identification of the proteins.
Qin et al. prepared monolithic silica capillary columns by means of a sol-gel process in fused-silica capillaries with an inner diameter of 50 μm; the columns were modified with a coating of cellulose tris(3,5-dimethylphenylcarbamate). 86 Baseline separation of a pair of enantiomers was achieved in 90 s with high column efficiency by short-end separation under high voltage.
Xu et al. recently reported an enzyme-doped fused-silica capillary microreactor for rapid protein digestion and proteomics analysis. 87 The inner surface of the capillary was coated with silica sol-gel matrix containing entrapped poly(diallyldimethylammonium chloride) (PDDA), and then trypsin was assembled onto the PDDA-modified surface via electrostatic adsorption. Protein samples were effectively digested and electrophoretically separated simultaneously with this modified capillary. The efficiency of the digestion was further demonstrated by digestion of a human liver cytoplasm sample, and 253 proteins were identified in a single run by coupling the microreactor to a MALDI time-of-flight spectrometer. With myoglobin as a standard protein, a 30 times parallel run was completed by automated injection overnight without obvious differences in digestion efficiency.
Because CE and CEC allow high-speed analysis, and efficient separation performance, these results are very encouraging; and monolithic capillary columns appear to open new options for the design and construction of high-throughput systems.
4·3 Microfluidic chips with encapsulated biomolecules
Integration of analytical and microfluidic systems has been used in many fields because the required sample volume is small, response is fast, highly parallel analyses can be carried out, and cross contamination is minimal. The technique is expected to be suitable for high-throughput screening. Not surprisingly, sol-gel technology has been used to immobilize biomolecules on microfluidic and microarray chips. Kim et al. developed a microchip bearing an immobilized IgG antibody and trypsin. 88 They used a mixed solution of TMOS and MTMS to immobilize these materials on a polydimethylsiloxane microfluidic chip. To minimize cracks in the gel microstructure, poly(vinyl alcohol) was added to the sample solution. In addition, Sakai-Kato et al. used the previously mentioned trypsin-doped hydrogel for immobilization of trypsin on a microfluidic chip. Large molecules, such as proteins, were hydrolyzed, and peptide fragments were separated on the microchip. 89 Recently, trypsin was immobilized on silica-coated fiberglass core in a microchip to form a bioreactor with a changeable core for highly efficient proteolysis (Fig. 10) . 90 To prepare the fiber core, an organic-inorganic hybrid silica layer was coated on the surface of a piece of glass fiber by a sol-gel method with TEOS and APTES as precursors. Subsequently, trypsin was immobilized on the coating with the aid of glutaraldehyde. Prior to use, the fiber containing the immobilized enzyme was inserted into the channel of a microchip to form an in-channel fiber bioreactor. The novel bioreactor could be regenerated by changing the fiber core. The use of this bioreactor substantially reduced the time required for digestion of BSA and cytochrome c (Cyt-c) to less than 10 s. The digestion products were identified by MALDI time-of-flight MS with peptide sequence coverages of 45% (BSA) (Fig. 11) , and 77% (Cyt-c); these values are comparable to those obtained by means of 12-h conventional in-solution tryptic digestion. Although the procedure for fabrication of this fiber-based microchip bioreactor is cumbersome, the bioreactor is a promising platform for the high-throughput protein identification.
Another interesting approach to immobilize enzymes on a microchannel was reported by Li et al. 91 They fabricated an enzyme microreactor based on a glass microchip with trypsin-doped magnetic silica microspheres fabricated from TEOS. This fabrication method permits immobilization of the enzyme at specific places on the channel. With this method, proteins can be digested by the on-chip microreactor in several minutes. The benefits of the sol-gel technology for microfluidic systems will be further enhanced by the development of interfaces with mass spectrometry, which have not yet been widely adopted.
Researchers are actively investigating the applications of sol-gel technology to microfabricated systems such as microarray platforms on a glass slide or microtiter plate. This research has been reviewed by Lebert et al. 92 Another application of sol-gel materials for cell-based biosensors and cell-implanted supports has been reviewed by Avnir et al. 93 
Conclusion
This review presents a brief overview of sol-gel based solid-phase platforms for flow-through analytical devices. Sol-gel technology is developing in tandem with the development of analytical methods, as typified by combined methods such as HPLC-MS/MS and CE-MS/MS. Integrated systems that provide suitable separation and identification modes might play an important role in the construction of high-efficiency, high-resolution, high-throughput platforms.
Because of the favorable properties of silicates (e.g., strength, transparency, permeability, and chemical inertness), the development of silica sol-gel processes has led to new applications in the field of materials science. Many of these applications involve organic-inorganic materials and may open the way to novel materials and applications, extending the application of this technology to the encapsulation of cells or microorganisms. At the same time, sol-gel technology will be developed by the basic research on the biomolecules. In addition to the accumulation of knowledge about the conformation and function of biomolecules, genetic engineering technology for large-scale production of biomolecules, improvement of their function, or improvement of their stability would contribute to the development of the bio-doped sol-gel technology.
references

